Determining the rate of asphaltene particle growth is one of the main problems in modeling of asphaltene precipitation and deposition. In this paper, the kinetics of asphaltene aggregation under different precipitant concentrations have been studied. The image processing method was performed on the digital photographs that were taken by a microscope as a function of time to determine the asphaltene aggregation growth mechanisms. The results of image processing by MATLAB software revealed that the growth of asphaltene aggregates is strongly a function of time. Different regions could be recognized during asphaltene particle growth including reaction-and diffusion-limited aggregation followed by reaching the maximum asphaltene aggregate size and start of asphaltene settling and the final equilibrium. Modeling has been carried out to predict the growth of asphaltene particle size based on the fractal theory. General equations have been developed for kinetics of asphaltene aggregation for reaction-limited aggregation and diffusion-limited aggregation. The maximum size of asphaltene aggregates and settling time were modeled by using force balance, acting on asphaltene particles. Results of modeling show a good agreement between laboratory measurements and model calculations.
Introduction
Asphaltenes are complex fractions in petroleum fluids, with variations of molecular weight, structures and polarity (Speight 2014) . Asphaltenes are polyaromatic structures or molecules that contain heteroatoms such as oxygen, sulfur and nitrogen and metal elements including Ni and V, which are in an aggregation state in petroleum (Civan 2015) . Asphaltenes are poorly defined as solubility class which are dissolved in toluene and insoluble in normal alkane such as n-hexane (Yarranton and Masliyah 1996) . Any change in thermodynamic conditions such as pressure, temperature or composition may render asphaltenes from solution and cause to asphaltene precipitation (Andersen and Stenby 1996) . Asphaltenes may precipitate in reservoirs, near the wellbore, tubing, pipeline transport and process facilities in downstream (Kokal and Sayegh 1995) . Asphaltene deposition in reservoirs reduces the rock permeability dramatically and even may plug the pores completely (Soulgani et al. 2011; Kord et al. 2014) . In addition to formation damage, asphaltene deposition in the tubing and pipelines reduces the available diameter of the pipe to flow that decreases the oil production capacities (Soulgani et al. 2009 ). Precipitated asphaltene particles tend to stick together and form aggregates due to molecular forces. In this case, the large particles may settle down as deposits and sediments on the surface of solids. This solid surface may be a pore surface in reservoirs, surfaces of tubing and pipes, production vessels or any other part of process facilities that fluids pass through them. Although several different methods are available to remove asphaltenes such as chemical or mechanical, these methods are very expensive and also take long time to remove asphaltenes completely. Therefore, it is better to prevent asphaltene deposition by understanding the mechanisms of asphaltene aggregation. Because settling and deposition of asphaltenes occur by forming large aggregates of asphaltenes in oil that can be modeled by studying the Edited by Yan-Hua Sun mechanisms of aggregation, it is vital to study the asphaltene aggregation behavior in order to find an effective solution to prevent or mitigate the severity of asphaltene problems. Numerous studies have been carried out to investigate the kinetics of colloidal aggregation of different solid particles (Schaefer et al. 1984; Weitz and Oliveria 1984; Sheu et al. 1992 ; Mozaffarian et al. 1997; Sun et al. 2017; Maqbool et al. 2011; Haji-Akbari et al. 2015; Mohammadi et al. 2016) . Yudin et al. (1998a) applied the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory to explain asphaltene aggregation behavior. The DLVO theory which explains the colloidal stability was developed by Derjaguin and Landau and Verwey and Overbeek. The theory explains the tendency of two particles due to potential energies of attraction (London-van der Waals) and repulsive electrostatic versus interparticle distance. When the concentration of asphaltenes in the solution is high, the van der Waals force is dominant and unstable colloidal particles of asphaltene attract each other and form an aggregate. As the concentration of asphaltenes in the solution decreases, the distance between the aggregate particles increases, which reduces the attractive force, and as a result, a stable colloidal solution of aggregates is formed (Schramm 2014) .
Kinetics of asphaltene aggregation was described by two different mechanisms which include reaction-limited aggregation (RLA) and diffusion-limited aggregation (DLA). The kinetics of asphaltene aggregation depends on the required time for two asphaltene particles to diffuse and reach to each other and the time that takes for particles to react with each other and form larger particles. In RLA, the reaction rate controls the aggregation process. Because the rate of reaction is slower than the diffusion rate (Lin et al. 1990 ), in RLA sticking does not occur in each collision between asphaltene particles. In DLA, the diffusion rate controls the aggregation process. Hence, during the DLA mechanism, the reaction of forming aggregates is fast, and as a result, asphaltene particles stick together in each contact (Yudin et al. 1998b ). Rastegari et al. (2004) found asphaltene aggregates tend to be loose fractal-like rather than dense aggregates and applied a fractal model to predict the growth of the mean particle diameter. Hung et al. (2005) introduced the equations for the particle growth in RLA and DLA as follows:
where R is the mean radius of asphaltene particles in any time, R 0 is the initial mean radius of particles, d f is the fractal dimensionality, t is the time and τ R and τ D are the reaction
and diffusion time, respectively. d f , τ R and τ D are adjustable parameters that should be fitted by the result of particle size analysis of the experimental data. Seifried et al. (2013) also studied the mechanisms of asphaltene aggregation by the RLA and DLA formula for different precipitants and solvents.
The problem of Eqs. (1) and (2) is that their coefficients should be tuned for each concentration of asphaltene, solvent and precipitant. Therefore, extensive experiments should be carried out to obtain experimental data for each specific concentration of asphaltene solution and precipitant. Hence, to resolve this problem, it was necessary to develop general equations to cover all concentrations. In order to find the general form of equations, extensive experiments on the solution of asphaltenes in toluene with different concentrations of n-hexane have been conducted. Asphaltene aggregation has been studied using a high-resolution microscope to determine the diameter of asphaltene particles. This method is excellent, because it has no direct interaction with asphaltene particles which can affect the aggregation growth process. It was followed by image processing to find the distribution of asphaltene particles and calculate their mean aggregate diameter.
In this paper, based on extensive experiments, general equations will be presented to cover the full range of asphaltene aggregation. In addition, hydrodynamic modeling has been carried out to determine the critical size of precipitating asphaltene particles using force balance acting on suspended particles. The developed equations are used successfully to predict the different asphaltene precipitation criteria, including the mean particle size and exact time of deposited asphaltene aggregates.
Asphaltene particle size and precipitation experiments

Experimental materials
The asphaltenes were extracted from one of the Iranian crude oils with a density of 0.890 g/cm 3 , viscosity of 392.6 cp (at 15.6 °C) and 8.1% asphaltene content based on IP143 standard. In addition to remove the effects of the other crude oil components, crude oil was very dark. Therefore, it was not possible to conduct a visual study to measure the size of asphaltene aggregates, so diluted solutions have been prepared. The asphaltene was separated from crude oil and weighted accurately and then was dissolved in a specified volume of toluene as a base solution. After that, different volumes of n-hexane were added to the solution. Toluene (as solvent) and n-hexane (as precipitant) used for all experiments were obtained from Merck Company with purity of 99.9 and 99 percent, respectively. 1 3
Experimental methods
In order to remove interaction effects between asphaltene aggregates and other crude oil components, asphaltenes were separated from crude oil. Then, asphaltenes were dissolved in toluene to observe the kinetics of asphaltene aggregation and investigate the stability of asphaltenes at different precipitant concentrations. Initially, the weight of asphaltenes was measured and then dissolved in a specified volume of toluene. After that, different volumes of n-hexane were added to the solution as precipitant agent for destabilizing the dissolved asphaltenes. In order to study the growth of asphaltene particles, it is necessary to determine the onset of asphaltene precipitation. In this paper, the onset of asphaltene precipitation was determined using the filtration method. In this method, different concentrations of n-hexane were added to the dissolved asphaltenes in toluene and passed through a 0.5-µm filter. Remained asphaltenes on the filter paper were measured, and the onset of asphaltene precipitation was determined. Asphaltenes were unstable in a solution with n-hexane concentration above the onset of asphaltene precipitation. In all experiments, 0.02 g of asphaltenes and 1.5 mL of toluene as solvent were used. In order to study the asphaltene aggregation growth, a special cell was designed and made by glass that is shown in Fig. 1 .
As could be seen, the cell was cylindrical in shape with a diameter of 5 mm and a height of 100 µm that was made using laser cutting followed by washing with hydrofluoric acid. The cell size has been chosen to allow free movement of asphaltene particles during the tests. A glass plate covers the cell to seal the experimental solution and to prevent vaporization of toluene and n-hexane mixture. Therefore, the concentrations of solvent and solute remain constant during the tests. The experiment container was fixed in order to let the asphaltenes deposit. The n-hexane was added to the solution in different concentrations starting from 0.7 to 1.1 mL in the separate closed test tube. The experiments were carried out under ambient pressure and room temperature. Kinetics of asphaltene aggregation experiments were started immediately after adding n-hexane. Nevertheless, zero time (t = 0 min) was defined when visual observation of the sample with the microscope was started.
Samples were transferred to the particle size cell. A Dino-Lite microscope was used to take photographs and capture them by its software for every 10 min. The photographs were taken at different times and processed to determine the size of asphaltene aggregates. Experiments were continued until there was no significant increase in the size of asphaltene aggregates observed.
Photographs were processed by image processing program in MATLAB software in order to get the most accurate and reliable results. Distribution of asphaltene aggregate size and frequency of them were obtained by image processing analysis. In order to check the validity and also the repeatability of tests, the particle size analysis was conducted for the same solution with a ZEN 3600 particle size analyzer (Malvern, UK). Results were in excellent agreement with visual image processing analysis.
Experimental results
In order to study the effect of asphaltene concentration, different solutions were prepared. The base solution consisted of 0.02 g of asphaltenes that were dissolved in 1.5 mL of toluene. This solution was used as based in all experiments. The onset of asphaltene precipitation by adding n-hexane as precipitant was determined by the filtration method. The onset of asphaltene aggregation in toluene solution was determined at 29 vol% of n-hexane concentration. Then, n-hexane was added to the base solution in different test tubes above the asphaltene onset with different volume percentages of n-hexane including 32, 38, 40 and 42.
Taking photographs was started immediately after transferring samples to the experimental cell. The growth of asphaltene aggregates was quite clear with respect to the time and changing the concentration of unstable asphaltene. Figure 2 shows the experimental results that 38 vol% of n-hexane was added to the asphaltene-toluene solution. Each photograph captures small part of samples. In order to reduce the uncertainties in the analysis of the images, several photographs were taken from different parts of each sample. The average of several photographs was considered as results of particle size analysis for each sample. Figure 2 shows that the number of asphaltene particles that are separated from the solution increases with time. Thus, although asphaltene aggregation by precipitating agent (n-hexane) is a fast process, it will take time to reach the final distribution in the size of aggregates. As a result of increasing the number of aggregates, the possibility of collision between particles increases. Asphaltene aggregates in the solution are free to move by Brownian motions. These random free movements may cause collisions between asphaltenes and form larger asphaltene aggregates. Those large asphaltene particles deposit and are removed from the asphaltene-toluene solution. In this case, the concentration of unstable asphaltene aggregates decreases; consequently, the ratio of toluene as a peptizing agent in the solution increases. Therefore, asphaltene particles are surrounded by more toluene molecules that prevent asphaltene aggregation and result in an equilibrium condition. For this reason, no increase in asphaltene particle size is observed during the ASR. It can be also explained by the DLVO theory. As the number of asphaltene particles in the solution decreases, the distance between asphaltene aggregates increases. Therefore, van der Waals attractive force decreases. Meanwhile, toluene molecules around asphaltene particles repel each other. Therefore, the solution reaches equilibrium and no further increase in particle size is observed. The number of collisions depends on the viscosity of the mixture, density and distribution of particle sizes. Hence, the kinetics of asphaltene aggregation is different for each concentration of n-hexane.
Increasing the size of asphaltene aggregates was studied by analyzing the photographs with image processing technique. The results of the particle size distribution from the start of the experiments are shown in Fig. 3 . As could be seen, the distribution of asphaltene aggregates increases up to certain time (in this case 200 min), and after that, the decrease in distribution can be observed.
In the start of the experiment, the majority of asphaltene aggregates are small with sizes less than 4.5 μm. Then, the increase can be seen both in the size and in the cumulative number of asphaltene aggregates. The large aggregates that are formed due to Brownian motion of small aggregates and collision of them are stable in the solution in time less than 200 min. After that, large aggregates tend to settle to the bottom of the cell. Therefore, the number of large size aggregates and the total cumulative number of aggregates significantly decrease. The mean diameter of asphaltene aggregates is shown in Fig. 4 . Experiments were carried out for other concentrations of n-hexane including 32 vol%, 38 vol% and 40 vol%. Figures 5 and 6 show the images that have been taken for the solution of asphaltene and toluene with n-hexane concentration of 40 vol% and 42 vol%, respectively.
Results of image processing are summarized in Fig. 7 . As could be seen, the mean diameter of asphaltene aggregates varies in different concentrations of n-hexane. The diameter of asphaltene aggregates increases with increasing the n-hexane concentration. However, the time to reach the maximum size of asphaltene aggregates decreases. The dissolved asphaltenes in the solution in high concentrations of n-hexane became unstable and came out of the solution. Therefore, the size of asphaltene aggregates is very close to each other in the solutions with 40 vol% and 42 vol% of n-hexane. Kinetics of asphaltene aggregation comprises different regions which indicates distinct mechanisms.
Asphaltene aggregation has been explained by Yudin et al. (1998a) with two different mechanisms which were reaction-limited aggregation (RLA) and diffusion-limited Seifried et al. (2013) explained that in DLA each collision results in making larger particles by sticking together. But in RLA the size of aggregates is small and each collision does not necessarily results in the production of larger aggregates. In RLA, the number of asphaltene aggregates in the solution is higher than that in DLA.
Although each collision in RLA may not produce the larger particle, due to the greater number of collisions, the growth rate of the aggregate size in RLA is faster than that in DLA. The size of asphaltene aggregates increases in RLA, and this process intensifies in DLA. As could be seen in Fig. 7 , the time and the value of maximum asphaltene aggregate size vary in different concentrations of n-hexane. The maximum size of asphaltene aggregates in DLA is followed by reduction in the mean particle size. This behavior has been seen in Seifried et al.'s (2013) experiments. The final region that is shown in Figs. 4 and 7 is what we called it as asphaltene settling region (ASR). In this region, asphaltene aggregates become large enough to separate from the solution and settle as deposits at the bottom of the cell. In this region, the mean size is less than the maximum particle size in DLA and reaches to the final value that varies in different concentrations of n-hexane.
Asphaltene precipitation modeling
Modeling of asphaltene aggregation is very important for understanding the mechanism of different types of damage caused by asphaltene deposition. Damage may occur by deposition on the surface of pores in reservoirs, the inner surface of tubing and transport pipelines, and in the oil production facilities and refineries equipment.
Therefore, enormous research has been carried out to predict the behavior of asphaltene particles under different conditions. Kawanaka et al. (1989) presented a thermodynamic model to predict the size distribution of asphaltene particles. Browarzik et al. (1999) modeled the average molar mass of asphaltene in the solutions at equilibrium. Yudin et al. (1998b) introduced two mechanisms, RLA and DLA, for the growth of asphaltene particles that have been used by Hung et al. (2005) and Seifried et al. (2013) .
These mechanisms predict asphaltene aggregate size excellent in the presence of n-alkanes using Eqs. (1) and (2). There are some parameters in Eqs. (1) and (2) that should be tuned with experimental data, including d f , τ R and τ D . Tuning should be carried out for each concentration of n-hexane as precipitant and different values have been reported.
In this paper, general equations are introduced that can include different concentrations of toluene as solvent, asphaltene concentration and n-hexane as precipitant:
where m asph , m C 6 and m tol are the mass of the dissolved asphaltene, C 6 and toluene, g, and a is a constant.
Equations (3) and (4) are the general form of RLA and DLA equations that can predict kinetics of asphaltene aggregation. Dimensionless factor has been introduced for both equations to tolerate variable concentrations of all constituents that include the mass, g of dissolved asphaltenes, n-alkane (here n-hexane) as precipitant agent and toluene as solvent. Parameter "a" is power of dimensionless factor that is different for RLA and DLA mechanisms. As denoted, in Eqs. (1) and (2), there are three parameters that should be tuned for each concentration of precipitant. Different values with wide variations have been reported in the literature for tuning parameters (i.e., d f , τ R and τ D ).
However, Eqs. (3) and (4) are modified using dimensionless factor and could be used in all concentrations of precipitant in both RLA and DLA mechanisms with constant values of d f , τ R and τ D . Equations (3) and (4) are applied for tests that have been carried out in this paper. The values of different parameters in Eqs. (3) and (4) for RLA and DLA mechanisms are summarized in Table 1 . Figures 8 and 9 show the quality of the match between measured data and values predicted from Eqs. (3) and (4). As could be seen from Fig. 7 , in the asphaltene settling region (ASR) which is after DLA, the mean size of asphaltene particles was reduced. So, the maximum size of asphaltene aggregates can be seen in the DLA region. The variation in size is related to random collision of asphaltene aggregates with each other and forming larger aggregates in the DLA region. New Fig. 7 Mean aggregate diameter versus time in different concentrations of n-hexane asphaltene aggregates have greater volume and thereby are heavier. It is the reason that larger aggregates come out of the solution as colloidal particles and settle to the bottom of the cell. Generally, there are three forces acting on each suspended particle, which are gravity, buoyant and drag forces. The gravity force is applied to the suspended asphaltene aggregates, acting them downward, and the buoyant forces acts upward and the drag force acts in the opposite direction of the motion of asphaltene aggregates.
Settling of asphaltene aggregates as solid layer occurs when the gravity force is more than the summation of buoyant and drag forces. Settling of asphaltene particles depends on the properties of fluid and asphaltene particles including the density and viscosity of fluids and the density, shape and diameter of aggregates.
The buoyant force can be calculated by the following equation (Darby et al. 2001 ):
where F b is the buoyant force, N; m a is the mass of asphaltene aggregates, kg; ρ a is the density of asphaltene aggregates, kg/m 3 ; V a is the asphaltene aggregate volume, m 3 ; and ρ f is the fluid density, kg/m 3 ; g is the gravity, g = 9.80665 m/ s 2 . The gravity force that is applied to the body of asphaltene aggregates is equal to:
where F g is the gravity force, N. As mentioned above, drag is acting as an opposite force for deposition of particles which is proportional to the velocity of displacing fluid movement by asphaltene aggregates. When particle moves from its position and falls toward the bottom, it reaches to constant velocity after short time that is called free settling velocity or terminal velocity.
Terminal velocity can be found by wiring the force balance on the asphaltene aggregate particle:
where F d is the drag force, N.
Then, by substituting each term of gravity, buoyant and drag forces, Eq. (7) is expressed as:
where C D is the drag coefficient; v t is the terminal velocity, m/s; and A a is the area of asphaltene aggregate. Therefore, the thermal velocity is given by: Drag coefficient for Reynolds less than 1 is given by stock law:
where Re is the Reynolds number; µ is the fluid viscosity, kg/m s; v is the velocity, m/s; D p is the particle diameter, m.
As could be seen from Fig. 2 , the shape of asphaltene aggregate particles is disk like. Small-angle neutron and X-ray scattering studies also showed the asphaltene aggregates are disk shaped (Eyssautier et al. 2011) . Therefore, asphaltene particles are assumed as disk, and by substituting different parameters in Eq. (9) including area and volume of the particle and also drag coefficient, the terminal velocity can be calculated by:
where D a is the diameter of asphaltene aggregates, m; and T a is the thickness of asphaltene aggregate in disk shape, m. Because the size of asphaltene particles is small, Brownian motion is active. The Brownian motion is a random process that causes collisions between small asphaltene aggregates and produces larger aggregates by sticking together. This process continues, and larger aggregates are formed. As long as the size of asphaltene aggregates is small, the buoyant force is more than the gravitational force. As a result, aggregates will be suspended in the solution. However, when the size of aggregates grows sufficiently and larger particles are formed, the gravitational force will be dominant. Hence, heavy aggregates start moving toward the bottom and settle as a solid layer. During this stage, the gravitational, buoyant and drag forces could be calculated by knowing the size of asphaltene aggregates and physical properties of the solution and aggregates. Therefore, the terminal settling velocity of asphaltene aggregates toward the bottom could be determined using Eq. (11). In the experiments that have been presented in this paper, the distance to the bottom of the sample cell was 100 µm. Therefore, the time for asphaltene aggregates to settle at the bottom of the cell was calculated. The calculated time for different sizes of asphaltene aggregates is shown in Fig. 10 . As can be seen, modeling of settling time based on balance forces that are acting on asphaltene aggregates achieved excellent prediction for all concentrations of asphaltene solutions. Figure 10 also shows that the rate of asphaltene settling increased with increasing the n-hexane concentration as a result of diluting the solution and reduced the viscosity and increased the number of suspended asphaltene aggregates.
It should be mentioned that the settling time also was calculated by assuming the asphaltene particles as
spherical shape. But in this case, the calculated time was less than experimental data which was evidence that asphaltene aggregates are like disk shape. The reason for fast settling was the lower drag force for spherical particles. Based on the above discussion, now the kinetic behavior of asphaltene particle growth can be explained for asphaltene settling region. Figure 7 shows the maximum size of asphaltene aggregates that are different for each concentration of n-hexane as precipitant. It also shows the starting point of the asphaltene settling region (ASR). The maximum size of asphaltene particles that can remain in the solution depends on the properties of asphaltene particles and the solution including density and viscosity. Due to density difference between the fluid and asphaltene particles, some of the asphaltene particles which are larger and heavier settle by gravitational force. Meanwhile, increasing the concentration of n-hexane dilutes the solution and reduces the solution viscosity that causes asphaltene aggregates to settle down at different velocities. This is a reason to observe different starting times for each concentration of n-hexane in the asphaltene settling region.
Using the force balance equations, the settling time can be estimated as a function of asphaltene aggregate size and other physical properties of the asphaltene particle and the solution including asphaltene density and solution density and viscosity. Figure 11 shows the result of settling time modeling for the 38% n-hexane concentration with different sizes of asphaltene aggregates. As can be seen, the asphaltenes with small size need a very long time to settle down. In other words, small particles remain in the solution as suspended particles or in colloidal state and will not deposit. For instance, asphaltene particles with a diameter of 0.1 µm settle after 3985 min, indicating that asphaltene particles of this size will be suspended and will remain in the solution. However, asphaltene particles with a diameter of 5 µm settle after 79.7 min. Hence, it is possible to find the maximum size of asphaltene aggregates for each concentration of n-hexane or asphaltene content. Image analysis can be used to determine the distribution of asphaltene aggregate sizes. Then, using Eq. (4) which is general form of DLA, the mean average size with respect to the time could be calculated. Force balance could also be utilized to estimate the size of aggregates that are capable of settling. This method can be used to predict the asphaltene particle size to explain the kinetics of asphaltene settling in the ASR region.
Conclusions
Kinetics of asphaltene deposition regarding asphaltene aggregation growth is very important to illustrate the state of asphaltene particles. Different mechanisms and behavior can be recognized by the study of asphaltene aggregate size including reaction-limited aggregation (RLA), diffusionlimited aggregation (DLA) and asphaltene settling.
The rate of asphaltene aggregation in RLA is much faster than that in DLA. Large aggregates of asphaltene formed during DLA mechanism settle to the bottom of cell. As a result, the mean average size of asphaltene aggregates decreases in the asphaltene settling region (ASR).
This paper presents a comprehensive study based on extensive experiments that have been carried out to model asphaltene aggregation. General equations have been developed to model kinetics of asphaltene aggregation for both RLA and DLA.
Asphaltene settling region has been studied, and the reduction in the size of asphaltene aggregates has been explained by the balance of three forces enacting upon each suspended asphaltene particle that includes gravity, drag and buoyant forces.
Models were successfully applied to the experimental data, and the size of asphaltene aggregates that could be deposited was calculated. The time of asphaltene deposition for each aggregate size was also calculated. The prediction of depositing time is in excellent agreement with experimental data.
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